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water column when reaching adulthood. Using retinal mapping techniques, we discovered 23 that the distribution and density of ganglion and photoreceptor cells in N. brevirostris do not 24 change with the habitat or the feeding habits of each developmental stage. Instead, fishes 25 showed a neotenic development with a slight change from larval to juvenile stages and not 26 many modifications thereafter. Visual gene expression based on RNA sequencing mirrored 27 this pattern; independent of stage, fishes mainly expressed three cone opsin genes (SWS2B, 28 RH2B, RH2A), with a quantitative difference in the expression of the green opsin genes 29
Introduction 34
Many animals use vision to perform important behavioural tasks such as feeding, mating, 35 avoiding predators and to find a suitable home (Cronin et al. 2014) . At the core of the 36 vertebrate visual system is the retina, an extrusion of the brain which is subdivided into 37 various functional layers, two of which are at the centre of this study, the photoreceptor layer 38 and the ganglion cell layer. 39
The photoreceptor layer is the first stage of visual processing and is composed of 40 morphologically diverse cone and rod photoreceptor cells which absorb light, transform it 41 into an electrical signal, and send the information downstream to various neural cells via the 42 phototransduction cascade. Cones mediate vision in bright light conditions and colour vision 43 while rods mediate vision in dim light conditions (Walls 1942) . Cones can further be 44 classified into different types depending on their morphology and/or the type of 45 photopigment (an opsin protein covalently bound to a light absorbing chromophore) they 46 possess (Hunt et al. 2014) . Morphologically, cones can be classified as single, double, triple 47 or quadruple, although only the first two configurations are common and are often arranged 48 in regular and specific patterns or mosaics (Peichl et al. 2004; Bowmaker and Kunz 1987) . 49
Molecularly, cones are also classified into four types based on the opsin genes they express 50 that encode for different protein classes sensitive to different parts of the visible light 51 spectrum. The short-wavelength protein class 1 opsin (SWS1) maximally sensitive to UV-52 violet wavelengths (355-450 nm λmax), and a second short-wavelength class opsin (SWS2) 53 maximally sensitive to the violet-blue part of the spectrum (410-490 nm λmax), are expressed 54 in single cones. Double cones express middle-wavelength class 2 opsin (RH2) maximally 55 sensitive to blue-green wavelengths (470-535 nm λmax), and a long-wavelength class opsin 56 (LWS) maximally sensitive to the green-red part of the light spectrum (490-570 nm λmax). 57
Most vertebrates possess a single type of rod photoreceptor expressing the rod opsin protein 58 (RH1; 460-530 nm λmax) (Bowmaker 2008; Walls 1934) . 59
The ganglion cell layer is the last stage of visual processing in the retina and is 60 composed of ganglion cells that possess axons that reach to the inner surface of the retina and 61 converge into the optic nerve to send the information into the central nervous system (Walls 62 scan the horizon. It leads to an elongated sampling of the visual environment without 102 continuous eye movements (Collin and Shand 2003) . Teleost To date, changes in arrangement (i.e. mosaic) and distribution of the photoreceptor 123 cells throughout ontogeny have been documented only in few coral reef fishes (Shand 1997) . 124
These changes are thought to enhance survivability by increasing feeding success and 125 comparison, while some freshwater cichlid species show a similarly dynamic change in opsin 136 gene expression through ontogeny, other species do not change gene expression much 137 (neoteny) or then, they directly develop from the larval to the adult gene-expression pattern 138 (Carleton et al. 2008; Härer et al. 2017) . We currently do not know whether a progressive 139 developmental change of the visual system, as e.g., found in the dottyback (Cortesi et al. 140 2016) , is a common feature shared among reef fishes, or whether some species also show 141 different developmental modes, similar to what is found in cichlid fishes. 142
In this study we investigated ontogenetic changes in retinal topography and opsin 143 gene expression in three life stages (larval, juvenile, adult) of the spotted unicornfish, Naso 144 brevirostris, from the surgeonfish family (Acanthuridae) ( Fig. 1 multiple times, to flatten it on a microscopy glass slide without damaging the tissue. The 183 retina was oriented using the falciform process that extends ventrally. The sclera and choroid 184 were gently removed and the retinas where bleached overnight in the dark at ambient 185 temperature in a 3% hydrogen peroxide solution (in PBS). Large-sized adult retinas, that have 186 a more developed retinal pigment epithelium, were bleached in the same solution but with a 187 few drops of potassium hydroxide (Ullmann et al. 2012) . While potassium hydroxide 188 accelerates the bleaching process by increasing the pH of the solution, this type of bleaching 189 is quite aggressive for the tissue. Therefore, these retinas were only bleached for 2-3h in the 190
dark. 191
For ganglion cell analyses, retinas were mounted ganglion cell layer facing up on a 192 gelatinized slide and left to dry overnight at room temperature in formalin vapours (Coimbra 193 The upper limit of the spatial resolving power (SRP) in cycles per degree was estimated for 262 each individual using the ganglion cell peak density as described by Collin and Pettigrew 263 (1989) . The following formula was used: 264
where a is the angle subtending 1 mm on the retina and calculated assuming that f, the focal 266 length of the fish, is 2.55, the standard for teleost fishes according to the Matthiessen ratio 267 (Matthiessen 1882). Then, knowing a, the peak density of ganglion cells (PDG in cells/mm) 268 and the fact that two ganglion cells are needed to distinguish a visual element from its 269 neighbouring element, the SRP in cycles per degree can be calculated as follow: Assemblies based on short-read libraries tend to overlook lowly expressed and similar 302 gene copies and/or short-reads may be misassembled (chimeric sequences); for that reason, a 303 second approach was used to confirm the visual opsin genes of N. brevirostris. A manual 304 extraction of the gene copies was performed by mapping raw-reads against the P. fuscus 305 references and then moving from single nucleotide polymorphism (SNP) to SNP along the 306 gene taking advantage of paired-end information to bridge gaps between SNPs. The extracted 307 reads were then de-novo assembled and their consensus was used as template against which 308 unassembled reads were re-mapped to elongate the region of interest; this approach 309 eventually lead to a reconstruction of the whole coding region (for details on this approach 310 see de Busserolles et al. Therefore, only the topographic map of one individual per life stage is presented here (Fig.  362   3A) , and the results for the remaining individuals are shown in Supplementary Fig. S1 . 363
Differences in retinal topography were mainly found between the larval stage and the 364 two later stages (Fig. 3A) . In general, the larval retina showed less specializations compared 365 to juvenile and adult retinas. In the larval retina, an onset of a horizontal streak was observed 366 with the highest cell density found in the central meridian of the retina (1.5x increase 367 compared to the areas with the lowest cell densities). Within this weak streak, three areas of 368 high cell densities were found; in the nasal, central and temporal parts of the retina. However, 369 these areas of high cell densities are to be taken with caution due to the limitations of the 370 Nissl-staining protocol for very small retinas. Larval retinas were challenging to prepare and 371 analyse due to their small size and thus, the higher amount of shrinkage present after staining. 372
After several attempts with different larvae, only one larval retina was deemed acceptable for 373 analysis. Even for this individual, the areas of high cell densities in the nasal and temporal 374 part of the retina are questionable, since they are very close to the retinal borders and 375 therefore could be the result of shrinkage. A prominent horizontal streak along with a 376 centralized area centralis (the area centralis had a 2.5-3x increase in cell density compared to 377 the areas with the lowest cell densities) was present in the juvenile and adult individuals. 378
Similarly to the larvae, the streak in juveniles and adults was located on the central meridian 379 of the retina extending to the nasal and temporal margins. Although slightly different patterns 380 were found for each life stage, they all showed a higher ganglion cell density in the central 381 area close to the optic nerve, accompanied by a horizontal streak (Fig. 3A) . 382
The total number of ganglion cells increased with the size of fish and ranged from 383 208,975 cells for the larval individual, over ~1,600,000 cells for juveniles, to ~2,100,000 384 cells for adults (Table 1) . Conversely, the mean cell density decreased with the size of the 385 fish ranging from 19,439 cells/mm 2 in the larval individual, over ~8,500 cells/mm 2 in 386 juveniles, to ~5,000 in cells/mm 2 in adults. Peak cell density also decreased through 387 development, from 30,400 cells/mm 2 in the larval individual, to ~23,000 cells/mm 2 in 388 juveniles, and ~ 20,500 cells/mm 2 in adults. 389
Based on the peak of ganglion cells densities, the SRP of N. brevirostris ranged from 390 2.98 cycles per degree in the larval individual, over ~8.0 cycles per degree in juveniles, to a 391 maximum of 11.0 cycles per degree in adults (Table 1) . Overall, SRP or visual acuity in N. 392 brevirostris increased with the size of the fish with very little variation found within 393 ontogenetic stages (Fig. S2) . 394 395
Topographic distribution of cone photoreceptors 396
The density and topographic distribution of cone photoreceptors (double and single cones), 397 was assessed in the three life stages of N. brevirostris. Double and single cones were 398 arranged in a square mosaic, with one single cone at the centre of four double cones (Fig.  399 2B). This pattern was consistent throughout the entire retina, thus providing a ratio of double 400 cones to single cones of 2:1. As a consequence of this regular arrangement, the topographic 401 distribution of single cones, double cones and total cones was identical. Moreover, similar to 402 the ganglion cell topography, little variation in topographic distribution of cone 403 photoreceptors was observed within the same ontogenetic stage. Therefore, only the total 404 cone topographic map of one individual per life stages is presented here (Fig. 3B ). The 405 remaining maps (i.e., for single and double cones separately, and maps of all individuals) are 406 provided in the Supplementary Figs. S3 -S5 . 407
The topographic distribution of cone photoreceptors varied between stages with a 408 pronounced increase in specialization from the larval to the juvenile stage and smaller 409 changes thereafter (Fig. 3B ). Larvae had a weak horizontal streak in the central meridian as 410 well as two area centralis, one in the nasal part and one in the temporal part of the retina. One 411 of the two analysed larval individuals also showed a dorsal increase in cell density (Fig. S3f) . 412
However, this apparent increase in cell density was likely caused by an artefact from not 413 properly flattening the dorsal part of the retina during mounting and should therefore be 414 disregarded (Figs. S3 -S5). Compared to the larvae, juveniles had a more pronounced 415 horizontal streak in the central meridian. The two area centralis were still present but the 416 nasal one was less pronounced, and the peak cell density was found in the temporal area 417 centralis. Moreover, a weak vertical streak could be seen in the temporal part of the retina, 418 extending from the dorso-temporal area to the ventral-temporal area. In adults, the horizontal 419 streak in the central meridian was still present but did not extend as far into the nasal part as 420 in the juveniles. Moreover, the vertical streak was more prominent compared to the one 421 found in juveniles resulting in a large area of high cell density in the temporal region ( Fig.  422   3B) . The continuous nature of the transition between juvenile and adult specializations is 423 highlighted by the topography of individuals of intermediate sizes (Figs. S3-S5 ). For 424 example, the horizontal streak was less pronounced in the nasal part of a larger (Fig. S3c ) 425 compared to a smaller juvenile ( Fig. S3d) . Conversely, the vertical streak in a smaller adult 426 ( Fig. S3b ) was still developing compared to the one found in a larger adult (Fig. S3a) . 427
Similar to the ganglion cells (Table 1) , the total number of photoreceptors increased 428 with the size of the fish ranging from ~650,000 cells in larvae, over ~4,300,000 cells in 429 juveniles, to ~5,700,000 cells in adults (Table 2) . A large difference in the total number of 430 photoreceptors was found between the two juvenile individuals. This difference is likely due 431 to the size difference between these individuals. Photoreceptor peak cell densities decreased 432 with the size of the fish, ranging from ~69,000 cells/mm 2 in larvae, over ~51,000 cells/mm 2 433 in juveniles, to ~34,000 in cells/mm 2 in adults (Table 2) . 434
The total number of cone photoreceptors was greater compared to the total number of 435 ganglion cells, indicating a high summation ratio between the two cell types. For one 436 individual (larva ID3), the distribution of both ganglion cells and photoreceptors were 437 analysed, which allowed to estimate the summation ratio between photoreceptors and 438 ganglion cells in low-and high-density areas, respectively. For this individual, the summation 439 ratio was found to be as low as 2.3 in the central part and as high as 5.4 in the ventral-440 temporal part of the retina. 441
442
Visual opsin genes and their expression in Naso brevirostris 443 N. brevirostris were found to mainly express four opsin genes in their retinas. Independent of 444 ontogeny, these were the 'blue-violet' SWS2B, the 'greens' RH2B & RH2A, and the rod opsin 445 RH1. The 'red' LWS was also found to be expressed, albeit at very low levels in all stages 446 (0.1 -6.5 % of total double cone opsin expression; Fig. 6A , Table S3 ). The phylogenetic 447 reconstruction based on the full coding regions of the genes confirmed the positioning of all 448 genes within their respective opsin class (Fig. 4) . However, for RH2B in particular the 449 resolution between RH2 specific clades was poor (Fig. 4, Fig. S6 ). This was resolved using 450 the exon-based approach which showed the placement of some of the N. brevirostris RH2B 451 exons within a greater percomorph RH2B clade (Fig. 5A) . Moreover, we found evidence for 452 substantial gene conversion affecting this gene with the placement of Exons 1 and 2 close to, 453 or within, the RH2A clade (Fig. 5B) . 454
Quantitative opsin gene expression revealed that SWS2B was the only single cone 455 gene and thus, expressed at 100% in all developmental stages (Table S3 ). Of the double cone 456 opsins, there was a change in expression for the RH2 genes with ontogeny. During the larval 457 stage (n = 3), RH2B (mean ± s.e., 36.2 ± 4.8%) was less highly expressed compared to RH2A 458 (63.6 ± 4.8%). The opposite pattern was found in the juvenile (n = 6) and adult stages (n = 3), 459
where RH2B was the highest expressed of all double cone opsins genes (juvenile: 56 ± 1.3%; 460 adult: 56.1 ± 1.9%). RH2A in the juvenile (41.2 ± 1.4%) and adult (38.1 ± 1.6%) stages was 461 less highly expressed. Despite LWS being lowly expressed in all stages, there was a 462 noticeable increase in expression with development (larval: 0.2 ± 0.0%; juvenile: 2.8 ± 0.7%; 463 adult 5.8 ± 0.4%; Fig. 6A ). Rod opsin (RH1) expression was substantially higher compared to 464 the cone opsin expression in all stages (82 -86% for all stages) (Fig. 6B) . with the structure and symmetry of the environment they live in and/or with their feeding 480 behaviour Pettigrew 1988a, 1988b; Ito and Murakami 1984; Shand 1997; Caves 481 et al. 2017) . In this study we show that the N. brevirostris eye possesses a horizontal streak in 482 all life stages (Fig. 3A) . This type of specialization has previously been found in species 483 living in open environments where an uninterrupted view of the horizon, defined by the sand-484 water or air-water interface, is present (Collin and Pettigrew 1988b) . Since N. brevirostris 485 spends much of its life (larval and adult stages) searching for prey in the water column, 486 having a pronounced horizontal streak is likely to increase feeding and predator surveillance 487 capabilities by allowing it to scan the horizon without using excessive eye movements (Collin 488 and Shand 2003) . Moreover, at the larval stage this type of specialization may also enable 489 fish to scan the environment when searching for a reef habitat to settle on. On the contrary, a 490 horizontal streak does not seem to match the visual needs at the juvenile stage during which 491 N. brevirostris lives in close association with the reef i.e., in a more enclosed 3D 492 environment. At this life stage, we would have expected to find one (or multiple) area 493 centralis and no horizontal streak; a common feature in fishes that live close to, or within the 494 reef matrix (Collin and Pettigrew 1988a; Collin and Pettigrew 1988c) . Compared to the 495 lifespan of these fishes (up to 20 years), the juvenile stage is relatively short (~ 3 years; Choat 496 and Axe 1996), which may explain the maintenance of the horizontal streak throughout 497
development. 498
On top of having a well-defined streak, the ganglion cells in the juvenile and adult 499 stages also formed an area centralis in the central part of the retina (Fig. 3A) . This is very 500 unusual, as in coral reef fishes an area centralis is normally found in the temporal zone. Such 501 a temporal area centralis receives information from the nasal visual field, and thus is usually . The type of specialization found in N. brevirostris seems to be correlated with its 505 unusual visual behaviour as fishes are found to examine objects side-on (V.T. pers. 506 observation). A possible explanation for this peculiar behaviour is that due to its protruded 507 snout, which grows through development, the frontal image might be partially blocked and 508 stereoscopic vision may be impaired or even impossible (Purcell and Bellwood 1993) . 509
Although the visual field of N. brevirostris was not investigated in this study, Brandl and 510 Bellwood 2013 suggested that the protruded snout found in many Naso species indeed 511 Similar to the ganglion cell topography, the photoreceptor topography also varied mostly 520 between the larval and subsequent stages (Fig. 3B ). Larval fishes had two well defined area 521 centralis in the nasal and temporal zones, which comply with two of their main ecological The two area centralis were no longer present in bigger fishes, but instead, at the 531 juvenile and adult stage, N. brevirostris showed a pronounced horizontal streak (Fig. 3B) . 532
Additionally, a temporal vertical specialization became apparent at the juvenile stage and 533 more pronounced in adults. Such a double streak specialization, with a vertical and a 534 horizontal component, is a first in coral reef fishes. N. brevirostris adults live on the coral 535 reef slope/wall, and move up and down the wall (from 2 -122 m) while foraging and 536 searching for mates (Mundy 2005) . As such, in line with the terrain hypothesis (Hughes 537 1977), the evolution of this vertical specialization is likely a result of the vertical component 538 in their visual environment. 539 A difference in the topography of ganglion cells and photoceptors means that the 540 summation ration between the cell types i.e., the sensitivity and spatial resolution of the 541 retina, also differs depending on the visual field in question. For example, high photoreceptor 542 densities and comparable low ganglion cell densities in the ventral-temporal and dorsal-543 temporal parts of the vertical streak confer higher sensitivity to these two areas (Walls 1942) . 544
Theoretically, this enables juvenile and adult N. brevirostris to detect even small differences 545 in luminance, which may help to detect well camouflaged predators against the reef wall. A 546 high density of both photoreceptor and ganglion cells found in the centre of the retina, on the 547 other hand, confers a low summation ratio which leads to an increase in visual acuity (Walls 548 1942) . This area of high acuity may help fish to identify conspecifics and also to distinguish 549 between food items (Cronin et al. 2014). 550
To summarize, the photoreceptor topographies of N. brevirostris may be adapted to 551 the habitat in both the larval and the adult stage. Juveniles live in a more enclosed, 3D coral 552 reef environment compared to the other two life stages. Therefore, we would have expected 553 the juvenile visual system to reflect its habitat by having a less developed streak and a more 554 pronounced area centralis. Similar to the ganglion cell topography, the lack of a distinct area 555 centralis in the retina may be explained by the juvenile stage only lasting a fraction of the 556 lifespan of N. brevirostris (Choat and Axe 1996) . The relatively short period of time spent in 557 a habitat rich in shelter and food enables the fish to grow big enough to avoid most predators 558 (Lasiak 1986; Barnes and H ghes 1999) . During this time, juvenile N. brevirostris mostly 559 feed on benthic algae, which do not require a highly specialized visual system in terms of 560 retinal topography (Randall et al. 1997; Pettigrew 1988b, 1988a; Caves et al. 561 2017) . A such, instead of changing the visual system multiple times, it is likely more energy 562 efficient to maintain (or slightly adjust) a visual system that is optimally adapted for both the 563 larval and adult stages. 564 565
Visual acuity 566
The visual acuity of N. brevirostris was found to increase through development (Table 1) . 567
This seems to be a common feature in coral reef fishes, as a higher acuity often correlates 568 with an increase in eye size during growth. The benefit of having a higher visual acuity is 569 that, as fishes grow and expand their home ranges, it increases the distance at which visual 570 objects such as predators, conspecifics, and food can be detected (Shand 1997; Caves et al. 571 2017) . Accordingly, like in other coral reef fish larvae (Shand 1997 ), the acuity of N. 572 brevirostris larvae was relatively poor (2.98 cycles per degree). The overabundance of zooplankton in their habitat means that larval coral reef fishes can wander instead of using a 574 lock-and-pursuit feeding behaviour i.e., they do not need to spot their food from a distance, 575 but rather bump into it while floating in the plankton (Fortier and Harris 1989; Evans and 576 Fernald 1990). Once settled on the reef, the visual acuity of N. brevirostris starts to increase 577 in line with their growth (Fig. S5 ). Adult N. brevirostris were found to have a similar visual 578 acuity (~11 cycles per degree) to other reef fishes of that size such as in the clown triggerfish, 579
Balistoides conspicillus; a species that also inhabits the reef slope and shows a pronounced 580 horizontal streak (Collin and Pettigrew 1989) . 581 582
Opsin gene evolution 583
Phylogenetic reconstruction showed that the N. brevirostris visual opsins belong to the opsin 584 gene clades usually found within percomorph fishes (Fig. 4) . However, within the RH2 585 genes, an exon-based phylogeny revealed that the N. brevirostris RH2B gene is likely to have 586 undergone substantial gene conversion (Fig. 5 ). As such, it occurs that parts of its first and 587 second exon have been acquired from the RH2A paralog explaining its phylogenetic 588 uncertainty when using whole coding region-based reconstructions (Fig. 4, Fig. S6 ). This is 589 not that surprising, since RH2 duplicates in teleosts are commonly found in tandem (e.g., would have expected scenario i), with different opsin sets expressed at different life stages as 621 a consequence of being exposed to varying environments and feeding habits through 622 development. Conversely, we found evidence for a neotenic development (scenario ii), with a 623 slight shift in opsin gene expression between the larval and the juvenile stages (decrease in 624 RH2A and increase in RH2B expression), which was then retained through to the adult stage 625 are thought to drive the neotenic development in these cichlids (Carleton et al. 2008) . 630
Likewise, feeding on zooplankton during larval and adult stages as well as little changes in 631 light habitat post settlement might be responsible for the neotenic expression patterns found 632 in N. brevirostris. Supporting the molecular findings, the retinal topography, and especially 633 the ganglion cell topography, also showed a neotenic development, changing slightly from 634 the larval to the juvenile stage with no major changes thereafter (Fig. 3) . 635 A shift in the expression of RH2B and RH2A, as seen between the larval and later N. 636 brevirostris stages, can also be found in coral reef damselfishes (Pomacentridae) (Stieb et al. 637 2016). On shallow, clear coral reefs a broad spectrum of light is available (Marshall et al. 638 2003) . However, with increasing depth the long and short ends of the spectrum are cut off 639 due to absorption and scattering through interfering particles, resulting in a blue mid-640 wavelength saturated light environment (Smith and Baker 1981) . Consequently, in an attempt to maximise photon catch, some damselfish species were found to increase the expression of 642 the blue-sensitive RH2B gene and simultaneously decrease the expression of the green-643 sensitive RH2A gene with increasing depth (Stieb et al. 2016) . In N. brevirostris, the shift in 644 expression of RH2 genes occurs between the larval and juvenile stages where depth 645 differences do not seem that relevant. In lieu of depth, individuals migrate from a pelagic 646
blue-shifted open water environment to the more green-shifted light environment of the coral 647 reef (Marshall et al. 2003) . This could in theory explain the high RH2A expression in larval 648 fish at the settlement stage, however, it does not explain the increase in RH2B expression post 649 settlement (Fig. 6A ). An increasing number of fishes are found to change their opsin gene 650 expression to tune photoreceptors to the prevailing photic environment (e.g., Fuller et al. 
